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A B S T R A C T
Switchgrass (Panicum virgatum L.) and guinea grass (Panicum maximum Jacq.) have been proposed as
sustainable alternatives to fossil fuels in subtropical and tropical environments, respectively; although
still requiring non-renewable inputs, notably, fertilizer-nitrogen (N). Furthermore, climatic intensiﬁca-
tion forecasts suggest southeastern USA may emulate more tropical or subtropical growing conditions
resulting in altered N dynamics and plant physiology. Objectives were to determine: (i) effects of biochar
(1 and 2 Mg ha1), two intercropped legumes [sunn hemp (Crotalaria juncea L.) and pigeon pea (Cajanus
cajan L.) intercrops] versus inorganic N [67 kg ha1and 0 kg ha1] on feedstock and soil characteristics and
biomass yield; (ii) how feedstock composition is affected over three harvest dates; and, (iii) switchgrass
adaptation to more extreme (tropical) growing conditions. For both species, yield and feedstock
composition were inﬂuenced by harvest timing (P < 0.05), whereas soil amendments inﬂuenced
composition to a lesser extent over the duration of this study (P > 0.05). In general, initial harvests had
greater digestible 5- and 6-carbon sugars and N, P, and K tissue levels, whereas in subsequent harvests,
higher acid- and neutral-detergent ﬁber levels were observed, suggesting lesser potential fermentability.
Desired feedstock characteristics can therefore be manipulated by harvest timing. Yield results suggest
pigeon pea and sunn hemp intercrops, and biochar (1 Mg ha1) may result in equivalent yields as N
fertilizer per harvest (P < 0.05). However, the 2 Mg ha1 biochar rate in the tropics adversely impacted
yields, perhaps due to N immobilization by biochar. Switchgrass adaptation and competitiveness was
moderate (5–30% weed cover) under an intensiﬁed climate. Growth can therefore be maintained under a
stochastic climate due to its C4 pathway and competitive growth on marginal soils.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Second-generation feedstocks such as switchgrass (Panicum
virgatum L.) have been touted as ecologically friendly alternatives
to fossil fuels although they typically require inorganic nitrogen
(N) for their production. At present, the upstream manufacturing
of synthetic nitrogen fertilizer (i.e., Haber-Bosch) is energy-
intensive, as breaking trivalent bonds of N (NRN) requires high
pressure (100–200 atm), high temperature (400–500 C), and large
amounts of fossil energy (8000 kcal kg1N) for its production
(USDA, 2008). As such, this carbon (C)-negative input has pricing
linked to petroleum markets. Furthermore, applications of N
fertilizers to cropland acidify soils and may degrade surface and
ground waters (Ashworth et al., 2015b; Pimentel et al., 2008). Two
alternative soil amendments that may help improve rhizosphere
fertility are legume intercrops (Snapp et al., 1998) and biochar
(Anex et al., 2007).
Leguminous species biologically ﬁx N2 and have been used as
intercrops for centuries. Such species can be grown in tandem with
food crops in lieu of synthetic N fertilizer (Peoples et al., 2009).
Biological N2 ﬁxation occurs through a symbiotic relationship with
soil-borne Rhizobium-related bacteria, which form nodules in
legume roots; wherein dinitrogen (N2) from the atmosphere is
converted into ammonium (NH4+), a plant-assimilable form of N
(Graham, 2005). Legume intercrops that supply >110 kg N ha1
achieve crop yields equivalent to those in conventionally fertilized
grassland systems (Ashworth et al., 2015a; Tonitto et al., 2006);
thereby reducing or eliminating inorganic-N requirements. Fur-
ther, intercropping has proven to increase soil organic matter and
N storage through enhanced additions and returns of biomass to
soil (Fustec et al., 2010). However, most studies assessing
intercropping impacts on productivity have been conducted in
cooler, subtropical environments. Consequently, research is
needed in tropical environments to assess yield impacts over a
range of intensiﬁed climatic conditions.
Biochar is a C-rich by-product of thermal biomass energy
extraction from organic material under low oxygen (O2) and at
<700 C (Lehmann and Joseph, 2009). Applications of biochar may
enhance soil quality and fertility and build soil C, thus improving
the soil as a growth medium for plants (Mullen et al., 2010). For
example, the absorbency of biochar may increase soil water-
holding capacity and nutrient retention (Ashworth et al., 2014).
Variable N concentrations have been reported in biochar (1.8–
56.4 g kg1) and should be taken into consideration when
predicting plant response. Considering, some nutrients may be
rendered unavailable through adsorption and immobilization,
therefore rendering them less labile for microbial transformation
and plant uptake (Zheng et al., 2012). Biochar elemental
composition is dependent on heating values and residence timesduring its formation, as well as initial elemental proﬁle; therefore,
biochars are not all equivalent (Chang and Zhihong, 2009).
Furthermore, biochar is low in N relative to more stable C-bonded
compounds, and therefore has a high C:N ratio (Sadaka et al., 2014)
because feedstock heating causes volatilization of some nutrients,
whereas others become concentrated in the remaining activated C
(Ashworth et al., 2014). Additionally, biochar acts as a liming agent
due to its concentrated levels of alkaline elements such as Ca and
Mg. Use of biochar as a soil amendment for crop production
promotes a ‘closed-loop’ system, considering this biomass by-
product returns plant-available nutrients and carbon to soils.
The southeastern U.S. climate and soils are well positioned for
cellulosic feedstock production that will not directly compete for
arable land for food production (Jager et al., 2010). This area is
characterized by its transition from humid temperate to subtropi-
cal climate, and is anticipated to be widely affected by climatic
intensiﬁcation and could possibly emulate more tropical climatic
characteristics in the future (IPCC, 1990, 2001). Climate models
predict the southeastern U.S. will continue to be affected by
moderate-to-severe drought (NRC, 2010), especially during spring
and summer months, the apex growing period for C4 grasses. In
this region, annual precipitation from 1970 to 2008 declined 7.7%,
although the number of heavy downpours increased. Mean annual
temperature increased 0.9 C during this same period; and since
1901, the average number of freezing days declined from seven to
four (CCSP, 2008; USGCRP, 2009). Within the next two decades,
summer temperature in the southeastern U.S. is projected to
continue to increase, as the number of extreme heat days is
expected to increase from 90 to 150 (Rosenberg, 1993; USGCRP,
2009). Already more frequent and extreme droughts, intense
rainfall events, and heat waves are impacting crop production
across the region, and more data on plant response and growth
under higher summer temperatures coupled with extended and
intensiﬁed droughts are needed.
A data gap also exists for legume-intercropping systems for
their relative yield contributions and feedstock quality impacts in
perennial graminaceous feedstock systems, e.g. switchgrass and a
near relative, guinea grass (Panicum maximum Jacq.). Guinea grass
is very similar physiologically to temperate-subtropical switch-
grass; however, it is adapted and naturalized to tropical
environmental conditions. This tropical Panicum species was
included in the event that switchgrass establishment failure
occurred, as well as serve as a proxy for determining biomass
response to alternative soil amendments in a region representative
of intensiﬁed climatic. Therefore, our goal was to evaluate an
ecologically sustainable, cellulosic energy-production model for
reducing inorganic N requirements in a tropical environment
representative of projected future climatic conditions for the
southeastern U.S.
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2.1. Site descriptions
The study was conducted over a range of soils and climates,
with two humid subtropical (Köppen climate classiﬁcation, “Cfa”)
locations in Tennessee (TN) where switchgrass is well adapted, and
one located near the intertropical convergence zone in St. Croix, US
Virgin Islands (USVI) where guinea grass is well adapted.
Switchgrass grown on sites in humid TN were included for
comparisons of switchgrass and guinea grass grown in the tropics.
The sites in TN were located at the East Tennessee Research and
Education Center, located near Knoxville (ETREC; 35.53N
-83.57W) on a soil mapped as Huntington silt loam (ﬁne-silty,
mixed, active, mesic Fluventic Hapludolls) and at the Research and
Education Center at Greeneville (GREC, 36.10N -82.84W) on a
Dunmore silty clay loam (Fine, kaolinitic, mesic Typic Paleudults).
Mean annual precipitation during the study (2012–2013) at ETREC
was 1450 mm, with a mean annual temperature of 15.6 C (NOAA,
2013). This site was under orchardgrass (Dactylis glomerata L.) hay
production for 4 yr prior to this experiment. Mean precipitation at
GREC was 1190 mm, with mean annual temperature of 14.7 C
(NOAA, 2013); the site was previously under fescue (Schedonorous
arundinaceus [Schreb.]) hay production. Both subtropical locations
are situated in the East and Central Farming and Forest Region
[Natural Resources Conservation Service (NRCS), Major Land
Resource Area (MLRA) 128 classiﬁed as the Southern Appalachian
Ridges and Valleys in the Land Resource Region (LRR) “N”]. This LRR
is typical of southwestern VI, northcentral AL, and northwestern
GA. Maximum precipitation occurs in midwinter and midsummer,
with the minimum occurring in autumn (NRCS-MLRA, 2006). Most
of the rainfall occurs as high-intensity, convective thunderstorms
(NRCS-MLRA, 2006).
The University of the Virgin Islands, St. Croix Agricultural
Experiment Station (STX-AES; 17.70N 64.81W) lies on the
southwestern and south-central coastal plain physiographic region
(Thorp, 1932), corresponding to major land resource area (MLRA
273) region Z (Caribbean Region, Semiarid Mountains and Valleys).
Mean annual rainfall in this region is 1041 mm, with a mean
monthly temperature of 28.3 C (Godfrey and Hansen, 1996).
Rainfall exhibits a bimodal pattern, with the initial early rainy
season beginning in May and extending into June (approximately
25% annual rainfall occurring during this time), followed by a brief
dry period in July. Finally, the primary rainy season extends from
August to November (concurrent with hurricane season, with 43%
of annual precipitation occurring during this time (Thorp, 1932).
Highest temperatures occur in August-September, and the lowest
in January-February, but temperature ﬂuctuations are minimal (ca.
6 C annually). Experiments were conducted on a Sion clay (coarse-
loamy, carbonatic, isohyperthermic Typic Calciustolls), which
consists of very deep, well drained, and moderately slowly
permeable soils, formed from alkaline marine deposits.
2.2. Experimental design
This experiment utilized a two-factor (harvest timing and
soil amendments) randomized complete block design with
three blocks per location to ascertain yield, soil characteristics,
and feedstock composition impacts from these ﬁxed effects. At
the two subtropical locations, switchgrass (cv. Alamo) plots
(1.5  7.6 m) were planted at 9 kg pure live seed (PLS) ha1 with
18-cm row spacing during May, 2008. At TN locations only,
broadleaf weeds were controlled during the switchgrass
establishment year with 2,4-dichlorophenoxyacetic acid at
0.42 L ai ha1. Until experimentation, plots were harvested once
per year, post-senescence for biomass. At STX-AES, switchgrasscv. Alamo and guinea grass cv. Mombasa plots were planted by
hand on 18-cm row spacing on 1 November 2012 (toward the
end of the rainy season) at 9 kg PLS ha1. Weeds were controlled
manually at this site. Plot sizes at this location were 1.8  6.1 m
and 1.8  7.6 m for switchgrass and guinea grass, respectively.
Harvests in the tropics followed seasonal patterns to maximize
biomass production. An initial pre-treatment harvest was con-
ducted in July 2013 (prior to the onset of the primary rainy season)
to establish baseline biomass. Due to the extended productivity in
tropical growing seasons, a total of three post-treatment applica-
tion harvests were performed and occurred on November 25, 2013
(harvest 1; following the primary rainy season), March 28, 2014
(harvest 2; following the primary dry season), and on July 14, 2014
(harvest 3; following the secondary rainy season). Harvests at
subtropical locations occurred once annually, post-senescence
(mid-November) in 2012 and 2013.
For all locations, soil amendments included biochar at two
application levels (1 and 2 Mg ha1), sunn hemp legume intercrop,
(Crotalaria juncea L. cv. Tropic Sunn; SH), all compared to
inorganic-N (67 kg ha1) and a 0 kg ha1 (control). For STX-AES,
an additional legume, pigeon pea (Cajanus cajan L. Mill sp.; PiP)]
was included with guinea grass. Legumes were inoculated with
cowpea (Vigna unguiculata (L.) Walp. group inoculant at all
locations. At STX-AES, legumes were broadcast interseeded by
hand directly following each harvest. All soil amendments at STX-
AES were applied in tandem with legume seeding. At humid
subtropical sites, sunn hemp was no-till drilled annually into
switchgrass stubble at ETREC using a 5-row, 1000 HegeTM plot drill
(Colwich, KS) and a 5-row, Great Plains 606 No-Till plot drill
(Salina, KS) at GREC. Sunn hemp was seeded on 12 April and 6 May
2012 and 5 and 16 May 2013, at the rate of 24 kg PLS ha1 at ETREC
and GREC, respectively. Inorganic-N applications in the form of
ammonium nitrate (NH4NO3) were applied annually at green-up in
a single application at subtropical sites and after each harvest in
the tropics. Concurrent with inorganic-N applications, biochar was
surface-applied via a mixed slurry (20% water by volume) to reduce
losses via wind and runoff. No P, K, or lime was applied during these
experiments.
Switchgrass biochar was utilized in both study years and
locations. Material applied in Year-1 at all sites was carbonized at
400 C under a 2-h residence time (Sadaka et al., 2014). Biochar
used in Year-2 (Harvests #3 and 4 in tropics, 2013 in subtropical
sites) was produced using a continuous, externally heated auger
system heated at 400 C with a constant (8 min) residence time
(Sadaka et al., 2014). Amorphous structure, nutrient ranges, and
cell wall composition of biochars applied during each experimen-
tal year were similar (Ashworth et al., 2014). Biochars applied had
P, K, and Ca concentrations of 5200; 9900; and 12,900 mg kg1, as
well as 56 and 0.76% C and N, respectively, with a cation exchange




Pre-treatment soil tests were conducted on a per plot basis (six
composite samples total) to 0–15 cm depths during July 2013 and
again in 2014 to track pH, cation exchange capacity (meq 100 g1),
and concentrations of nitrate-N, P, K, Mg, and Ca based on
treatment applications. Samples were ground to pass a 1-mm sieve
on a Wiley soil crusher (Thomas Scientiﬁc, Swedesboro, NJ) and
Mehlich-3 extractable nutrients were measured by inductively
coupled plasma (ICP) spectrometer using a 7300 ICP-OES DV
(PerkinElmer, Waltham, MA). The pH was determined on a 1:1 soil
to water ratio using an AS3010D Dual pH Analyzer (Labﬁt,
Burswood, Australia). In addition, NO3-N was determined via
418 A.J. Ashworth et al. / Agriculture, Ecosystems and Environment 233 (2016) 415–424the nitrate method (KCl Extraction/Cd-Reduction Method, AOAC
2.4.11), and organic matter by combustion (weight loss on
ignition).
2.3.2. Inﬂuence of soil amendments on Panicum yield
Legume stand densities were estimated prior to each harvest at
STX-AES using a 0.75  0.75 m Vogel grid (Vogel and Masters,
2001). Four frequency counts (100 cells total) were made in each
legume treatment plot. The count was multiplied by 0.4 according
to Vogel and Masters (2001) based on a likelihood of one plant per
cell to estimate plant density per m2 and averaged over three
blocks at each location.
Plots were hand clipped at STX-AES from the two central rows
(out of four rows per plot) totaling 2 m2 per Panicum species.
Humid subtropical locations (GREC and ETREC) were harvested
using a CarterTM forage harvester (Brookston, IN) with a 91-cm
cutting width. For all harvests at all locations, plots were cut to a
20.3-cm stubble height. Grab samples of biomass (1–2 kg) were
collected from all plots at harvest, weighed, dried at 55 C in a
batch oven (Wisconsin Oven Corporation, East Troy, WI) for 48–
72 h, and reweighed to determine moisture content. Samples were
then ground through a 2-mm sieve on a Wiley mill (Thomas
Scientiﬁc, Swedesboro, NJ) in preparation for analyses.
2.3.3. Inﬂuence of soil amendments and harvest date on Panicum bio-
feedstock characteristics
Soil amendments (i.e., legume intercrops, biochar, and inor-
ganic-N) and harvest date effects on feedstock characteristics were
based on plant total N, P, K, and secondary cell wall constituents.
Ground grass tissue (separated from legumes) was analyzed with
near-infrared spectroscopy (NIRS) using a LabSpec1 Pro Spec-
trometer (Analytical Spectral Devices, Boulder, CO). Five scans
were taken at a scan range of 1003–2500 nm. Feedstock analyses
included acid detergent ﬁber (ADF), neutral detergent ﬁber (NDF),
and hemicellulose (NDF-ADF). The NIR equations were standard-
ized (by wet chemistry) and checked for accuracy using the Grass
Hay equation developed by the NIRS Forage and Feed Consortium
(NIRSC [Hillsboro, WI], Vogel et al., 2011).
2.3.4. Inﬂuence of a tropical climate on switchgrass production
Switchgrass response at an extreme environment was tested
at STX-AES. A preliminary variety evaluation of lowland cultivars
(cv. Alamo, Kanlow, Blade, and Cimarron) was conducted in 2011
and 2012 to determine which was best adapted to the tropical
environment. Based on germination rates, plant establishment
and yield, cv. Alamo (all other accessions yielded <1 Mg ha1) was
used in the subsequent experiment. This was the same cultivar
that was best adapted to the two subtropical locations in TN. In
addition, due to weed pressure and questions regarding
switchgrass adaptability under tropical conditions, weed yield
(broadleaf and grass weed yields) were measured at STX-AES, as
well as Panicum species’ heights at time of harvest on a per-plot
basis.
To quantify and compare the effectiveness of switchgrass
establishment in the tropics, an index was modiﬁed from Linares
et al. (2010), known as the cover crop/weed index. This tool
was developed to determine the efﬁcacy of cover crops to
suppress weeds (Linares et al., 2010). Consequently, this concept
was adapted to evaluate the effectiveness of switchgrass
establishment relative to that of the presence of weeds by
calculating the ratio of switchgrass biomass accumulation to
that of weed biomass. Therefore this index is expressed as
switchgrass dry weight production (SGDW) divided by weed dry
weight (WeedDW) [or switchgrass/weed index (SGWI) = SGDW/
WeedDW].2.4. Statistical methods
Feedstock quality characteristics (i.e., ADF, NDF, hemicellulose,
and N, P, and K content), ﬂuctuations in soil characteristics [both
annual and delta (Year2-Year1)], and legume density were initially
analyzed in a global model (across harvests and years). Analysis of
variance tests were performed using the Mixed procedure [(SAS
V9.3; SAS Inst., Cary, NC) with block, location (where appropriate),
and year considered random effects (SAS, 2007). In all models,
legume species, biochar and inorganic-N levels (soil amendment
treatments), and harvest date were considered ﬁxed effects. Mean
separations were performed by the SAS macro ‘pdmix800’ (Saxton,
1998) with Fisher’s Least Signiﬁcant Difference (LSD) using a Type I
error rate of 5%. Based on the random effects probability level,
further pooled models were compared where appropriate.
Two separate additional Panicum yield models were run to
assess adaptation and growth of switchgrass in the tropics.
Tropical Panicum yields (switchgrass and guinea grass) were
summed for harvests [harvest 2 (Nov. 2013), harvest 3 (March
2014), and harvest 4 (July 2014)] to simulate annual subtropical
biomass harvests and represent actual guinea grass hay manage-
ment, and then compared to one of two models. The ﬁrst model
tested switchgrass yield in subtropical locations (one annual
biomass yield; pooled across TN locations and years) to that of
switchgrass total yield in the tropics (harvests 2–4) in a two factor
ANOVA where ﬁxed effects were soil amendments and stand age,
which varied between subtropical and tropical locales with respect
to harvest timing. The second model compared switchgrass and
guinea grass yield at STX-AES, with factors including soil amend-
ments and grass species. Random effects for these models included
block, with the ﬁrst model also having random location and year
effects. For all models, the Shapiro-Wilks test was used to test for
normally distributed residuals, and the Levene’s F-test was used to
test homogeneity of variances; these assumptions were met for all
models.
3. Results and discussion
3.1. Soil characterization
Delta (Year2-Year1) soil characteristics were generally unaf-
fected by soil amendment treatments, excluding nitrate-N
(P = 0.02) for switchgrass in the tropics [data not shown (DNS)].
Speciﬁcally, soil amendment treatments applied to switchgrass
resulted only in NO3 reductions, with the control, high biochar
rate, and pigeon pea intercrops having the greatest reductions,
whereas sunn hemp and the inorganic-N rate resulted in less
substantial losses (DNS). These results indicate generally stable soil
characteristics, despite non-senesced tissue being harvested (due
to lack of environmental signals inducing ‘over-wintering’ in
tropical switchgrass). For guinea grass and switchgrass, harvesting
did not signiﬁcantly affect available soil nutrient levels, or were any
chemical characteristics directly altered (P > 0.05) by soil amend-
ments, suggesting neither intercrops nor biochar added or
removed/chelated detectable quantities of soil macronutrients
during the ﬁrst two years of soil amendment application (Table 1).
Perhaps more application years are needed to directly alter soil
chemical characteristics in these systems.
3.2. Switchgrass and guinea grass response to alternative soil
amendments in the tropics
Legume density varied by the 3-way interaction, Panicum
species  legume  harvest timing (P < 0.05), but not by Panicum
species  legume (P = 0.34). Sunn hemp density did not vary
(P > 0.05) over the three harvest periods for switchgrass with re-
Table 1
Soil chemical characterization baseline (Year 1, 2013) and ﬁnal year (Year 2, 2014) averaged on a per-plot basis within blocks for switchgrass (SG) and guinea grass (GG), based
on soil amendment treatments at the St. Croix, USVI, Agricultural Experiment Station. Soil test results from Mehlich-3 extractant.
Species and year Soil amend-ment pH P K Ca Mg NO3a CEC OM
kg ha1 Meq 100g soil1 %
SG2013 B-Highb 7.9c 5.3 269 12646 280 5.7 52.9 5.2
N0d 7.9 5.7 273 12522 288 4.3 52.7 4.9
N-67 7.7 9.0 255 10470 281 5.3 44.4 5.1
PiP 7.9 7.5 314 12355 307 6.0 52.2 5.3
SH 8.1 6.0 303 12497 308 4.0 52.6 5.2
SG-2014 B-High 7.8 8.0 308 13572 345 2.7 57.2 5.1
N-0 7.8 6.7 279 14195 322 2.0 59.4 5.2
N-67 7.8 9.3 282 12581 337 3.3 53.2 5.5
PiP 7.5 8.3 317 13724 344 2.0 57.8 5.1
SH 7.8 7.3 294 13631 336 3.7 57.3 4.9
GG-2013 B-High 8.3 4.7 183 12313 221 2.0 50.9 5.0
N-0 8.2 4.6 182 13221 215 2.1 54.5 5.2
N-67 8.3 6.3 208 15405 242 4.0 63.4 4.7
PiP 8.2 7.3 219 13393 214 2.3 55.2 4.7
SH 8.2 5.3 209 14132 228 2.3 58.2 4.9
GG-2014 B-High 7.8 6.0 187 18392 276 2.0 75.4 4.9
N-0 7.6 6.0 180 17729 263 2.0 72.7 5.3
N-67 7.5 7.0 185 18973 280 2.0 77.7 4.9
PiP 7.6 7.7 228 18472 278 2.0 75.8 4.9
SH 7.9 7.0 179 16899 278 2.0 69.6 4.8
a NO3 nitrate-nitrogen; CEC: cation exchange capacity; OM organic matter.
b Biochar rates: B-high (2 Mg ha1); N-0 = 0 kg N ha1 (control); N-67 = 67 N ha1; PiP = pigeon pea intercrop; SH = sunn hemp intercrop.
c Means did not differ within a given analyte and experimental year at P < 0.05 using the LSD procedure.
d 0 and 67 kg N ha1.
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hemp density was greatest during harvest 3 (following the primary
dry season), which did not differ (P > 0.05) from harvest 4
[following the secondary rainy season (Fig. 1b)]. In addition,
pigeon pea intercrops had lower densities than that of sunn hemp
when averaged across both grasses and all three post-treatment
harvests (29.6 and 8.2 plants m2, respectively; P < 0.05). Pigeon
pea density likely varied due to rate of establishment, weed
pressure, and Panicum canopy variance per harvest date.
Switchgrass yield in the tropics was impacted by harvest timing
and soil amendment  harvest timing (P < 0.05; Fig. 2a). Overall
yield during the fourth harvest (July 2014; following the secondary
rainy season) yield was greater than that of the previous two [2.96
and 2.69 Mg ha1, harvest 2 (July 2013; post-treatment application
and prior to the primary rainy season) and 3 (March 2014;
following the primary dry season), respectively. Yields for guinea
grass were affected by soil amendment (P < 0.0001), harvest period
(P < 0.0001), and their interactions (P = 0.002). Compared across all
treatments and harvest periods, guinea grass yields were greatest
for the second harvest (Nov 2013; following the primary rainy
season; 6.4 Mg ha1), whereas the latter two did not differ (March
and July 2014, 2.6 and 3.4 Mg ha1, respectively), likely owing to the
bimodal rainfall pattern (drier part of the year) preceding these
harvest periods. Speciﬁcally, among all soil amendment treat-
ments and harvest periods, the inorganic-N fertilizer treatment
during the second harvest (July 2013) was the highest yielding
[Fig. 2(b)]. The second highest yielding amendment  harvest
period interaction resulted from inorganic-N during the ﬁnal
harvest period (July 2014), which was not different from sunn
hemp intercrop during the second harvest period. In addition,
harvests during the dry season (harvests 3 and 4), resulted in the
greatest yields for the inorganic N treatment, with all others being
lower, excluding pigeon pea intercropped swards (harvest 4; July
2014).For switchgrass production in the tropics, all feedstock
characteristics were impacted by harvest period (P < 0.05),
whereas only P concentrations were impacted by soil amendments
(P = 0.04), and ADF and P were impacted by harvest period  soil
amendments [DNS (P < 0.05)]. Low biochar rates during the second
harvest resulted in the greatest switchgrass P-tissue levels, with
inorganic-N and pigeon pea during the same harvest not differing
(P > 0.05). For ADF, a similar pattern was observed as the low
biochar rate and inorganic fertilizer treatments during this harvest
were greatest, suggesting a lesser availability of fermentable 5- and
6-carbon sugars. Among all harvests, harvest 2 (or the ﬁrst harvest
after initial soil amendment applications, and following the
primary rainy season) resulted in the greatest hemicellulose, N,
P, and K tissue levels [Fig. 3(a, b)], which may have been resultant
from rainy season-induced vegetative growth. Whereas harvesting
after more soil amendment applications (harvest 4) and repeated
harvests, induced greater NDF and ADF, suggesting less feedstock
fermentability. These results indicate desired feedstock traits can
be manipulated by harvest timing, whereas intercropping and
biochar impact tissue composition to a lesser extent. This same
response has been observed previously in subtropical environ-
ments (Ashworth et al., 2016).
Guinea grass feedstock characteristics were affected by harvest
period [Fig. 3(c, d)], but not by soil amendments. Similarly to
switchgrass, all characteristics tested were impacted by harvest
timing [i.e., ADF, NDF, P, K, hemicellulose, and N (P < 0.05)].
Whereas the only feedstock characteristic impacted by the
amendment  harvest interaction was NDF (P = 0.02), with pigeon
pea and biochar-high treatments being greatest (75.9 and 75.6%,
respectively) during the second harvest. The inorganic-N (harvest
4) sunn hemp and low rate of biochar (during harvest 2) did not
differ, while all other treatments were lower (P > 0.05). In addition,
K concentrations were greatest for the high biochar rate during













































Fig. 1. Sunn hemp and pigeon pea density when intercropped into switchgrass (a) and guinea grass (b) per harvest period [harvest 2 (Nov., 2013, harvest 3 (March 2014), and
harvest 4 (July 2014)] at the St. Croix USVI, Agricultural Experiment Station. Different letters indicate a signiﬁcant difference with the LSD procedure at the P < 0.05 level across
all harvest dates, legume intercrop, and per Panicum species [Panicum species  legume  harvest timing (P < 0.05)]. Vertical bars are standard error of the mean.
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with the lowest tissue concentrations occurring for the control
(0 kg N ha1) during the second cut (2.4 vs 1.9% DM). Generally,
during harvest two, similarly to switchgrass, guinea grass had the
greatest N concentrations, with equivalent N and K levels for
guinea grass occurring for harvest four. Final harvests (harvest 4) of
guinea grass had the greatest NDF and hemicellulose levels, with
the second harvests having intermediate to non-differing levels of
the aforementioned characteristics [Fig. 3(c, d)]. Consequently,
results suggest tissue transformational responses to harvest timing
for guinea grass and switchgrass are similar (Fig. 3), which has
been observed previously in subtropical e experiments (Ashworth
et al., 2016).3.3. Inﬂuence of tropical climate on switchgrass production
Cumulative switchgrass yield in the tropics vs. post-senescence
yield in the humid subtropical locations did not differ (P > 0.05).
Although yields did vary based on soil amendment treatments
(P < 0.001) and stand age (P = 0.04; Table 2) interaction. Speciﬁcal-
ly, yields from stands at subtropical sites, which were older than
those at STX-AES, were greater (P < 0.05; 13.2 and 7.9 Mg ha1,
respectively). This was likely owing to switchgrass obtaining only
33 to 66% of its production capacity during Year-1 because of
energy allocation to develop root systems rather than aboveground
biomass (McLaughlin and Kszos, 2005). Switchgrass yield response
to soil amendments at subtropical and tropical locations resulted
Fig. 2. Switchgrass (a) and guinea grass (b) dry matter (DM) yield based on harvest timing [baseline, horizontal line (pre-treatment, established Nov. 2012, harvested July
2013), harvest 2 (Nov. 2013), harvest 3 (March 2014), and harvest 4 (July 2014)] per soil amendment treatments at the St. Croix USVI, Agricultural Experiment Station. Different
letters indicate a signiﬁcant difference with the LSD procedure at the P < 0.05 level. [Soil amendment treatments include: B-low = biochar 1 Mg ha1; B-high = biochar
2 Mg ha1; N-0 = 0 kg N ha1; N-67 = 67 kg N ha1; PiP = pigeon pea; and, SH = sunn hemp). Vertical bars are standard error of the mean.
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climatic conditions, which was not different from the low-biochar
rate or the high biochar rate at subtropical sites (Table 2; P < 0.05).
Lowest yields for this comparison occurred under the high biochar
rate, sunn hemp intercrops, and the control (0 kg N ha1) in the
tropics.
Panicum yields in the tropics were affected by soil amendments
(P < 0.001), Panicum species, and the Panicum species  soil
amendment interaction (P < 0.05). Guinea grass yield was nearly
42% greater than that of switchgrass in the tropics (10.2 and
7.2 Mg ha1, respectively), suggesting switchgrass in the ﬁrst year
after planting is not competitive with this naturalized species for
biomass production in the tropical environment. For STX-AES,
highest yields occurred for guinea grass under the 67 kg N ha1rate. Sunn hemp intercrops resulted in lowest yields for both
Panicum species, which did not differ from the high biochar rate
(Table 2). Yield detriments from the high biochar rate in the tropics
could have been due to decreased mineral availability through
direct adsorption (NH4+) or immobilization (NO3) due to the high
C:N ratio and porous structure of our biochar (Ashworth et al.,
2014). Considering, previous biochar research has shown a
decrease in extractable soil N, which was attributable to
immobilization by microbes, rendering it unavailable to plants
(Zheng et al., 2012).
Switchgrass adaptation based on the SGWI indicated varying
weed competition (5–30%) across all harvest periods, likely due to
switchgrass photoperiod sensitivity and mechanisms of adapta-
tion. For example, in subtropical regions, the amount of







































































































Fig. 3. Switchgrass (a, b) and guinea grass (c, d) dry matter (DM) feedstock characterization based on harvest timing [harvest 2 (Nov., 2013, harvest 3 (March 2014), and
harvest 4 (July 2014)] averaged across soil amendment treatments at the St. Croix USVI, Agricultural Experiment Station. Different letters indicate a signiﬁcant difference with
the LSD procedure at the P < 0.05 level within a given analyte and Panicum species and across harvests. (Acid detergent ﬁber = ADF; neutral detergent ﬁber = NDF;
hemicellulose = hemi.). Vertical bars are standard error of the mean.
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per unit time [i.e., photosynthetic photon ﬂux density (PPFD)] has
greater intra-annual ﬂuctuations than in the tropics. In addition to
PPFD, ultraviolet B (UV-B, 280–320 nm), which is damaging to
plant cells, is up to 10 times higher in the tropics compared to
subtropical areas (Warren et al., 2003). Because of this high PPFD,
tropical species have biochemical adaptations, such as ﬂavonoids
to allow for selective wavelength adsorption and removal of
damaging UV-B radiation (Warren et al., 2003). Consequently,
guinea grass likely has greater ﬂavonoid levels compared to
switchgrass, and is less photoperiod sensitive (day-neutral)
consistent with its heightened adaptability in tropical areas
(Teramura and Sullivan, 1991).
Lignocellulosic concentrations in switchgrass are affected by
the plant’s morphology and physiology, which in turn are largely
determined by temperature, precipitation, photoperiod, and
genetically programmed ontogeny, as this is a short-day species
(Moser and Vogel, 1995). Variation in temperature and solar
radiation are less pronounced in the tropics; however, day length is
consistently lower than that at subtropical latitudes during
summers. Consequently, shorter day lengths at STX-AES [approxi-
mately 13 h at UVI-STX compared to 15 h at TN during summer
equinox (June 21, 2013)] induced ﬂowering of switchgrass within
1–2 months after each harvest. Such rapid anthesis resulted inreduced vegetative growth and consequently, greater weed yields
compared to that of guinea grass due to lack of canopy cover (0.70
vs. 0.04 Mg ha1, respectively).
Weed pressure in the tropics is among the greatest challenges
to agricultural production (Smithson and Giller, 2002). This was an
issue in our study, with weed and grass sward dynamics
ﬂuctuating due to grass and weed physiological stage at time of
harvest. For instance, in the second harvest period (July 2013),
SGWI ranged from 2.4 to 2.9, indicating that switchgrass started
prevailing, with weeds being predominant in certain niches,
resulting in ‘moderate’ weed control (Table 3). In part, this could
have resulted from switchgrass producing only 33 to 66% of its
ultimate production capacity during Year-1 (at subtropical
locations; McLaughlin and Kszos, 2005). This low switchgrass
predominance mirrored plant heights, as this harvest period had
the shortest plants among all harvest periods [121.1 cm; (P < 0.05)].
During the third harvest period (November 2013), the SGWI
increased to 18.4–19.2, suggesting switchgrass was dominant with
<5% weed cover. During the ﬁnal growth cycle ending with harvest
4 (July 2014), SGWI decreased to 5.4–6.4, with 10–30% weed
presence due to the competitive growth habit of many tropical
weeds [e.g. desmodium (Desmodium intortum (Mill.) with climbing
tendrils]. Finally, when SGWI was averaged across all harvest
periods, ‘excellent’ weed control was observed in the tropics
Table 2
Yield comparisons for switchgrass grown in humid subtropical [averaged across
locations (East Tennessee and Greenville Research and Education Centers) and years
(2012–2013)] and at the St. Croix Agricultural Research Station (STX-AES), and
guinea grass (GG) and switchgrass (SG) comparisons at STX-AES, respectively,
[summed across harvests (harvest 2; Nov. 2013; harvest 3, March 2014), and harvest
4 (July 2014)] per soil amendment treatment.
Soil amendment Species and stand age Yield
Mg ha1
Switchgrass subtropical and tropical comparisona
B-Highb SG1c 3.53 d
B-Low SG-1 9.49 c
N-0 SG-1 8.66 cd
N-67 SG-1 10.28 abc
SH SG-1 4.11 d
B-High SG-4 9.7 abc
B-Low SG-4 11.47 a
N-0 SG-4 7.17 c
N-67 SG-4 12.1 a
SH SG-4 7.83 bc
Panicum spp. in the tropicsd
B-High GG-1 5.23 cd
B-Low GG-1 9.33 b
N-0 GG-1 10.15 b
N-67 GG-1 22.31 a
SH GG-1 3.89 d
B-High SG-1 3.53 d
B-Low SG-1 9.49 b
N-0 SG-1 8.66 bc
N-67 SG-1 10.28 b
SH SG-1 4.11 d
a Different letters indicate a signiﬁcant difference by the LSD procedure within
yield at the tropics and subtropics sites for soil amendment  stand age
(P < 0.0001).
b Biochar rates: B-H = 2 Mg ha1; B-low: 1 Mg ha1; N-0 = 0 kg N ha1 (control); N-
67 = 67 N ha1; SH = sunn hemp intercrop.
c 1 = one year old stand during initiation of experiment (tropics); 4 = four year old
stand during initiation of experiment (subtropics).
d Different letters indicate a signiﬁcant difference by the LSD procedure within
Panicum yield  soil amendment (P = 0.0006).
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contingent upon establishment success, as areas with good
establishment had minimal weed encroachment. Consequently,
switchgrass may be produced in the tropics, and perhaps even
under an intensiﬁed climate thanks to this species’ drought
tolerance and competitive growth habit after establishment on
marginal soils. However, more aggressive weed control measures
and photoperiod insensitive varieties would be required.Table 3
Outline of switchgrass weed index (SGWI) categories to determine adaptability and co
SGWI value Switchgrass adaptability 
<0.5 SG not competitive 
0.5–1 SG coexist 
1–3 SG starts prevailing 
3–5 SG prevailsa
5–15 SG predominate (70%–90%)c
>15 SG completelyb predominates 
a This adaptability level occurred 12 mo after planting during harvest #2 (Nov., 2013
b This adaptability level occurred 16 mo after planting during harvest #3 (March 20
c This adaptability level occurred 20 mo after planting during harvest #4 (July 2014
Linares et ?al. (2010).4. Conclusions
Sustainable bioenergy feedstock production requires the
identiﬁcation of organic-N sources and input levels over a range
of soils and climates that will assist in the development of C-
neutral energy technologies. Two promising soil amendment
practices which farmers could adopt to support sustainable
feedstock production are legume intercropping and biochar
applications at appropriate rates. Speciﬁcally, results suggest sunn
hemp and pigeon pea intercrops, as well as biochar applications
(1 Mg ha1), may result in equivalent switchgrass yields per
harvest timing to that of recommended N rates. Conversely, the
high biochar rate (2 Mg ha1) resulted in lower guinea grass yield
compared to the unfertilized control in the tropics, perhaps
because of adsorption (NH4+) or immobilization (NO3) associated
with the high C:N ratio of biochar.
For guinea grass and switchgrass in the tropics, there was no
notable soil nutrient decline, nor were there any soil characteristics
directly altered by amendments, indicating that neither intercrops
nor biochar signiﬁcantly affected soil macro-nutrients. Inorganic-
N also had little or no impact on Panicum feedstock components,
whereas harvest timing inﬂuenced several characteristics (i.e.,
ADF, NDF, P, K, hemicellulose, and N). Second harvests resulted in
the greatest hemicellulose, N, P, and K tissue levels, whereas
harvesting after more soil amendment applications (harvest 4)
induced greater NDF and ADF. Suggesting less feedstock ferment-
ability, thereby potentially inﬂuencing conversion efﬁciencies and
enzymatic requirements for ethanol production. Results suggest
desired feedstock traits can be manipulated based on harvest
timing, whereas intercropping and amendments alone impact
tissue composition to a lesser extent.
Switchgrass adaptation based on the SGWI indicated varying
results (5–30% weed cover) across all harvest periods, because of
switchgrass photoperiod sensitivity and lack of biochemical
adaptations, compared to a naturalized Panicum (guinea grass).
Furthermore, guinea grass yields generally exceeded those of
switchgrass by at least 42% during the ﬁrst year. However, it is
interesting to note that yield from a one year old switchgrass stand
in the tropics receiving no fertilizer N (8.66 Mg ha1) was not
different from yield of the control treatment of a 4-yr old stand of
the same cultivar in humid subtropical locations (7.17 Mg ha1). If
the increased production pattern of switchgrass observed in humid
subtropical environments (yr-1, 33%; yr-2, 67%; yr-3+, 100%) holds
true in the tropics, based on our results, the annual cumulative
yield of switchgrass would exceed that of switchgrass grown in
humid subtropical climates of TN. Given that scenario, the
projected intensiﬁed climatic conditions (more frequent and
extreme droughts and intense rainfall events) may have some
positive effects on biomass yields of switchgrass, due to its C4mpetiveness with weeds in a tropical environment.
Weed pressure Weed control
Weeds predominate Very poor (>70% weeds)
Weeds coexist Poor
Weeds prevail in certain niches Moderate
Weeds fail to predominate Adequate
<10%–30% weeds Excellent
<5% weeds Outstanding
); as 1.03–1.2 Mg ha1 weed biomass was present (SGWI = 2.4–2.9).
14); as 0.14–0.15 Mg ha1 weed biomass was present (SGWI = 18.4–19.2).
); as 0.77–0.91 Mg ha1 weed biomass was present (SGWI = 5.4–6.4).Adapted from
424 A.J. Ashworth et al. / Agriculture, Ecosystems and Environment 233 (2016) 415–424photosynthesis, drought tolerance, genetic diversity, and competi-
tive growth habit after establishment on marginal soils.
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